I. INTRODUCTION
Resistance random access memory ͑RRAM͒ based on reversible resistive switching behavior has attracted considerable interest for the next generation nonvolatile memory devices.
1-8 Many candidate materials have been reported for RRAM devices including binary transition metal oxides ͑BT-MOs͒ such as TiO 2 , 9 NiO, 10 Cu x O, 11 and perovskite oxide thin films such as doped SrTiO 3 ͑Ref. 12͒ and doped manganites. 13 Compared to perovskite materials, BTMOs have the advantage of simple fabrication process and are more compatible with complementary metal-oxide semiconductor ͑CMOS͒ process. During the switching process of BTMO, the "forming" process is usually required to obtain the stable resistive switching ͑RS͒ cycles. However, this process often requires a much higher bias and may result in unpredictable resistance states, which make RS property very difficult to modulate. Therefore, it is valuable to explore the RS behavior free from the forming process. Recently, the nonforming RS behavior and its mechanism have attracted great attention. Kang et al. 14, 15 attributed the electroforming-free behavior in TiN/ZnO/Pt device to the abundant oxygen vacancy clusters pre-existing in the ZnO films. Lin and co-workers 16, 17 found that the electrical breakdown of CuO resulted in the forming process, which could be avoided by modulating the oxygen concentration distribution. Teixeira et al. 18 reported that the existence of metallic paths across the barrier was essential for the observation of "forming-free" RS behavior in MgO-based tunnel junctions. However, up to now, the forming-free phenomenon has not been found in other RS materials apart from ZnO, Cu x O, and MgO. The underlying mechanism of the forming-free RS behavior and its relationship to the microstructure of RS materials are not very clear yet. Further investigation on this aspect is still required.
In recent studies, we have found a novel RS material, Gd 2 O 3 , in which the traditional forming process is not required. Gd 2 O 3 is a well known rare-earth metal oxide, having high resistivity, high dielectric constant ͑ ϭ 16͒, large band gap ͑5.3 eV͒, and is widely studied as a promising highgate dielectric material for future CMOS technology. 19 Up to now, the application of Gd 2 O 3 in the RS field has not been attempted.
In this paper, we report the polycrystalline Gd 2 O 3 thin films deposited by the pulse laser deposition technique, and the forming-free RS characteristic of Pt/ Gd 2 O 3 / Pt structures is demonstrated. In addition, the conduction behaviors in both the low resistance state ͑LRS͒ and high resistance state ͑HRS͒ of the Pt/ Gd 2 O 3 / Pt structures, together with the underlying mechanism of the forming-free phenomenon, are discussed.
II. EXPERIMENT
Gd 2 O 3 thin films of 120 nm thick were deposited on Pt/ Ti/ SiO 2 / Si substrates at 730°C by pulse laser deposition with oxygen pressure of 0.01 Pa using a metal Gd target. The base pressure of the chamber was pumped below 2 ϫ 10 −4 Pa by a turbomolecular pump. Between the layers of Pt and SiO 2 / Si, the thin Ti layer was inserted to enhance the adhesion of Pt electrode on Si substrate. In order to measure the electrical properties of the Gd 2 O 3 films, Pt top electrodes of 200 µm in diameter were deposited at room temperature ͑RT͒ by electron beam evaporation with a metal shadow mask. The crystal structure and morphology of the formed films were examined by x-ray diffraction ͑XRD͒ and scanning electron microscopy ͑SEM͒, respectively. The x-ray photoelectron spectroscopy ͑XPS͒ was employed to deter-mine the chemical bonding state of Gd 2 O 3 thin films. Selected area electron diffraction ͑SAED͒ analysis in transmission electron mode ͑TEM͒ mode was employed to determine the component of Gd 2 O 3 thin films. The current-voltage characteristics of the Pt/ Gd 2 O 3 / Pt structure were also measured by Keithley 2410C source meter unit. All the measurements were performed at RT.
III. RESULTS AND DISCUSSIONS
The XRD patterns of the Gd 2 O 3 thin films deposited on the Pt/ Ti/ SiO 2 / Si substrate are shown in Fig. 1 . It is found that the prepared Gd 2 O 3 thin films exhibit polycrystalline structures with cubic and monoclinic composite phases. Moreover, SEM analysis indicates that the surfaces of the produced Gd 2 O 3 thin films are smooth and dense. ͑SEM photos not shown͒. Figure 2͑a͒ shows the typical I-V characteristics of Pt/ Gd 2 O 3 / Pt sandwiched structures. The initial resistance of the structure is about 30 ⍀, which is at LRS ͑on-state͒, after sweeping the applied positive voltage to a certain voltage of about 0.6 V with a current compliance of 0.1 A, a sudden drop in the current appeared and the film switched to a HRS ͑off-state͒. Then, by continuing to sweep the voltage to a higher voltage ͑ranging from 1 to 3 V͒ with a current compliance of 0.01 A, an abrupt increase in the current appeared and the on-state is achieved. The reliable switching cycles including "set" ͑from HRS to LRS͒ and "reset" ͑from LRS to HRS͒ processes are obtained, as presented in Fig. 2͑a͒ . The reset voltage of Ga 2 O 3 is as low as other RS materials such as ZrO 2 . 20 However, its initial resistance is started from not the HRS but the LRS. Because a very high resistance at HRS ͑ϳ40 M⍀͒ and a very low resistance at LRS ͑ϳ20 ⍀͒ are obtained, the very high on/off ratio between HRS and LRS ͑higher than 2 ϫ 10 6 ͒ is achieved. The giant on/off ratio certainly suggests a possibility to achieve high density memory by means of multibit or multilevel storage in future applications. It also guarantees the device reliability and excellent fault tolerance because of its large margin between HRS and LRS. In addition, in order to examine the reliability characteristics of the RS behaviors, the resistance of Pt/ Gd 2 O 3 / Pt structure in the HRS and LRS versus the number of switching cycles at 0.1 V reading voltage was measured and results were shown in the inset of Fig. 2͑a͒ . Although there is a slight fluctuation of resistance in the LRS and HRS, a stable switching property is observed during 60 cycles.
For further analysis, the retention characteristic of the Pt/ Gd 2 O 3 / Pt structures was performed. Figure 2͑b͒ showed the retention performance of both LRS and HRS for the Gd 2 O 3 sample under 0.1 V reading voltage at RT and 85°C, respectively. The resistances in the LRS and HRS were mostly unchanged for longer than 30 h under RT, indicating that both states can be kept that way for more than 10 y by using the extrapolation method. Under the measurement condition of 85°C for 30 h, the HRS resistance was reduced slightly, but the resistance ratio of the Gd 2 O 3 sample remained more than five orders of magnitude. After these retention tests, the Pt/ Gd 2 O 3 / Pt structure still exhibited reproducible switching behavior without obvious degradation, indicating its potential in nonvolatile memory applications.
The stability and the uniformity of the RRAM devices are two important parameters for the practical application of RRAM devices. In order to investigate the stability and uniformity of the resistance states, we compared the resistance states dispersion of the Ga 2 O 3 film with several reported binary oxide RRAM materials including ZnO, ZrO 2 , and TiO 2 , as shown in Table I . Here R L and R H denote the resistance of LRS and HRS, and R LA and R HA represent the average value of the resistance of LRS and HRS measured in different RS cycles. We have used two parameters to evaluate the stability Table I , indicating a better stability and uniformity in Gd 2 O 3 than other RS materials.
In order to explore for the origin of the RS characteristics of RRAM, the conduction mechanisms of the HRS and LRS were investigated. The plot of the log I-log V of LRS in the Pt/ Gd 2 O 3 / Pt device is shown in Fig. 3 . The conduction behavior in the LRS undergoes Ohmic transport because the curve of the log I-log V is a linear line with a slope of approximately 1. The conduction behavior in the HRS is also governed by Ohm's law at a low voltage region due to the straight slope ͑ϳ1͒. However, it seems that an entirely different current mechanism is dominated in the high voltage region. This nonlinear relation of the log I-log V in the high voltage region can be explained by the Poole-Frenkel ͑PF͒ emission theory. 23 According to the PF emission, the I-V relation can be described as I ϰ V exp͓ ͱ V͔, a plot of log ͑I / V͒ versus V 1/2 has a linear relation, as shown in the inset of Fig.  3 .
Based on the above results, we can derive that the conduction behavior of the Pt/ Gd 2 O 3 / Pt device follows the conductive filament model. 24 In the set process, under the function of external electric field, tiny conductive filaments are formed through the defects such as oxygen vacancies, metallic defects, and dislocations in the Gd 2 O 3 thin films. Moreover, because the Gd 2 O 3 thin film in this study has a polycrystalline structure, as shown in Fig. 1 , the grain boundaries, in particular, may make considerable contribution to the formation of the conductive filament and the stable RS behavior. In the reset process, most of the conductive filaments are disrupted via the Joule heating effect of the external current. In addition, the colossal resistance switching effect has also been found in other typical rare-earthoxide CeO 2 by Lin et al., 25 which may be a typical characteristic for rare-earth oxides. Thus, our work, in fact, open a new way toward rare-earth-oxide-based resistance switching materials possessing potentially excellent properties.
It is very interesting to analyze the reason for the forming-free RS behavior in the Pt/ Gd 2 O 3 / Pt structure, while the forming process is necessary to obtain stable RS performance for most other binary transition metal oxides. Lee et al. 26 reported that the existence of metallic Ni is a characteristic of "forming-necessary" NiO films. It was considered that the metallic Ni played an important role in the forming process. However, in our work, we think that the metallic Gd in Gd 2 O 3 film may be responsible for the forming-free process partly because of its high content in the film. In order to address this point, the Gd 2 O 3 film with less content of Gd was also deposited under the high oxygen pressure environment ͑1 Pa͒, which exhibited a much higher resistance ͑about 10 8 ⍀͒ than the film deposited at oxygen pressure of 0.01 Pa. The forming-necessary RS behavior was found in this Gd 2 O 3 film, as shown in Fig. 4 . In the figure, the set and forming curves denote the switching of the Pt/ Gd 2 O 3 / Pt device from the HRS to the LRS. It can be seen that the as-grown Gd 2 O 3 films starts from a HRS and requires a forming process, which requires a switching voltage of as high as 4.9 V. The content of Gd in high oxygen pressure deposited Gd 2 O 3 films may be difficult to be detected due to its trace amount. However, the high resistance of the as-deposited film and the increased oxygen pressure during the preparation process may indicate the lower content of metallic Gd in the film, which required the forming process to realize RS behavior. So it is reasonable to establish the relationship between the forming-free switching effects and the content of metallic Gd in Gd 2 O 3 films. We believe that the forming-free behavior in Gd 2 O 3 film is closely related to its specific deposition process and the internal microstructure. XPS analysis has shown that the formed Gd 2 O 3 film is oxygen deficient, as shown in Fig. 5͑a͒ , which implies the possibility of the metal Gd's existence. The large amount of defects in the film, including oxygen vacancies or metal atoms, etc., may lead to the low initial resistance. Also, it is these defects that constitute the conducting filaments in Gd 2 O 3 film. The reset process can be assumed as the rupture of conducting filaments consisting of oxygen vacancies or metal ions due to the Joule heating effect. It is well accepted that the forming process is used to form the conducting fila- ments in RS films. Therefore, the abundant defects preexisting in the Gd 2 O 3 film's duration deposition process could contribute to the forming of the conducting filaments without the forming process. In order to investigate the origin of the initial LRS, SAED pattern in TEM mode has been employed to analyze the composition of the Gd 2 O 3 films, as shown in Fig. 5͑b͒ . From the SAED pattern of the films, metallic Gd can be found to exist in the polycrystalline Gd 2 O 3 films formed, which implies that the initial LRS could be resulted from the pre-existing filaments consisting of metallic Gd. Thus, the whole switching process can be elucidated by the rupture and formation of the filaments, as shown in Fig. 5͑c͒ . The high content of metallic Gd in Gd 2 O 3 films can result in high concentration of oxygen vacancies, which contribute to the formation of the filament during the fabrication process, as shown in Fig. 5͑c͒͑1͒ . Then the rupture of the filament results in the first reset process due to the heat generated by the large current flow, as illustrated in Fig. 5͑c͒͑2͒ . Also for the set process, it is considered that the filaments in the thin films regroup and operated under an electric field, as shown in Fig. 5͑c͒͑3͒ . However, when the content of the metallic Gd in Gd 2 O 3 is low, the initial resistance of the Gd 2 O 3 film starts from HRS, which is in need of a forming process before RS cycles, as illustrated in Fig. 5͑c͓͒͑4͒-͑7͔͒ . Thus, it is suggested that the existence of the metal Gd in the Gd 2 O 3 plays an important role in the RS performance.
IV. CONCLUSIONS
In summary, we have demonstrated the forming-free RS behaviors of the Gd 2 O 3 thin film. The ultrahigh resistance ratio of HRS to LRS is of about six to seven orders of magnitude. The low reset voltage of less than 1 V has been realized. The dominant conduction mechanisms of LRS and HRS are Ohmic behavior and PF emission, respectively. The forming-free RS behavior could be attributed to the abundant defects ͑oxygen vacancies͒ related to the metallic Gd preexisting in the Gd 2 O 3 films. Furthermore, the estimated retention lifetime at RT is sufficiently longer than 10 years. This work demonstrates the great potential of rare-earthoxide films in resistance switching materials, which are expected to possess excellent properties. . ͑b͒ SAED pattern of the Gd 2 O 3 film in TEM mode. ͑c͒ Schematic diagram for resistance switching mechanism in Gd 2 O 3 thin films. ͑1͒-͑3͒ for forming-free performance and ͑4͒-͑7͒ for forming-necessary performance.
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